Previous studies of the yeast Saccharomyces cerevisiae indicated that the vacuole is a major site of zinc storage in the cell. However, these studies did not address the absolute level of zinc that was stored in the vacuole nor did they examine the abundances of stored zinc in other compartments of the cell. In this report, we describe an analysis of the cellular distribution of zinc by use of both an organellar fractionation method and an electron probe X-ray microanalysis. With these methods, we determined that zinc levels in the vacuole vary with zinc status and can rise to almost 100 mM zinc (i.e., 7 ؋ 10 8 atoms of vacuolar zinc per cell). Moreover, this zinc can be mobilized effectively to supply the needs of as many as eight generations of progeny cells under zinc starvation conditions. While the Zrc1 and Cot1 zinc transporters are essential for zinc uptake into the vacuole under steady-state growth conditions, additional transporters help mediate zinc uptake into the vacuole during "zinc shock," when zinc-limited cells are resupplied with zinc. In addition, we found that other compartments of the cell do not provide significant stores of zinc. In particular, zinc accumulation in mitochondria is low and is homeostatically regulated independently of vacuolar zinc storage. Finally, we observed a strong correlation between zinc status and the levels of magnesium and phosphorus accumulated in cells. Our results implicate zinc as a major determinant of the ability of the cell to store these other important nutrients.
Zinc is an important structural and/or catalytic cofactor for numerous proteins. For example, it was estimated recently that as many as 10% of the approximately 30,000 different proteins encoded by the human genome require zinc for their function (1) . If accumulated in excessive amounts, however, zinc can also be toxic to cells (4) . Thus, organisms have evolved with homeostatic mechanisms to maintain a relatively constant intracellular environment in the face of changing levels of extracellular zinc. One primary mechanism of zinc homeostasis is the control of zinc uptake across the plasma membrane (11) . In addition, sequestration of zinc within intracellular organelles is an important strategy of zinc homeostasis. Organellar zinc sequestration is clearly needed for zinc homeostasis in fungi and plants and may also be a component of mammalian zinc homeostasis (3, 8, 10, 20, 22, 33, 34, 37, 41) .
In the yeast Saccharomyces cerevisiae, approximately 1.5 ϫ 10 7 total zinc atoms per cell are required for optimal growth (34) . This value is referred to as the "zinc quota" for yeast and probably represents the level required to optimally metalate zinc-dependent proteins in the cell (40) . Below that amount, cells grow more slowly. When zinc levels drop below a minimum threshold of ϳ5 ϫ 10 6 atoms per cell, growth ceases altogether. Our previous results have shown that the Zap1 transcription factor helps maintain intracellular zinc levels for growth by regulating several genes in response to zinc deficiency (32, 52) . These genes include the ZRT1, ZRT2, and FET4 genes encoding zinc uptake transporters on the plasma membrane (47, 50, 51) . Increased expression of these genes increases the zinc uptake capacity of the cell more than 100-fold.
Previous studies have implicated the vacuole of yeast as a major site of zinc sequestration in the cell, and the level of zinc in the vacuole is also controlled by Zap1 (5, 20, 34, 48) . Two transporters, Zrc1 and Cot1, are responsible for zinc transport into this compartment. Genetic studies of these transporters have indicated three major roles for vacuolar zinc sequestration. First, the vacuole is required for zinc detoxification. When zinc is abundant, the metal is taken up into this compartment, thereby limiting its toxicity. Zrc1 and Cot1 are both required for zinc detoxification. Second, the vacuole provides a site of zinc storage. When cells are zinc replete, Zrc1 and Cot1 mediate zinc accumulation in the vacuole. Under conditions of zinc deficiency, the Zrt3 transporter is up-regulated by Zap1 to mobilize sequestered zinc from that compartment (34) . Finally, the vacuole plays an especially important role in the resistance to "zinc shock" (36) . Zinc shock occurs when zinc-limited cells are resupplied with zinc. Because zinc-limited cells have such a high capacity for zinc uptake, addition of even modest amounts of zinc results in the accumulation of extremely high concentrations of the metal. The vacuole and the Zrc1 and Cot1 transporters are required for surviving zinc shock.
These genetic studies indicated that vacuolar zinc sequestration was critical for zinc homeostasis. However, several questions remained unanswered. For example, what are the levels of zinc sequestered in the vacuole under various conditions of zinc availability? Second, what is the role of the vacuole in buffering zinc levels in other compartments, such as the cytosol and mitochondria? Third, are there other significant sites of zinc storage elsewhere in the cell? Finally, what is the distribution of other elements in the cell and does zinc status alter those distributions? These important questions were addressed in this study.
MATERIALS AND METHODS
Yeast strains and growth conditions. S. cerevisiae strains DY1457 (MAT␣ ade6 can1 his3 leu2 trp1 ura3) and CM104 (MAT␣ ade6 can1 his3 leu2 trp1 ura3 zrc1⌬::HIS3 cot1⌬::URA3) were used in this study (34) . Yeast strains were grown in zinc-replete synthetic defined (SD) medium that contains 6.7 g/liter yeast nitrogen base (Q-BIOgene) plus 2% (wt/vol) glucose and any necessary auxotrophic requirements. This medium contains 0.9 mM Ca, 3.5 mM Cl, 1.2 M Fe, 7 mM K, 4.1 mM Mg, 1.7 mM Na, 7 mM P, and 2.5 M Zn. Zinc-limited cells were grown in Chelex-treated synthetic defined (CSD) medium (32) with 2% (wt/vol) glucose and necessary auxotrophic requirements. CSD medium is zinc limiting because zinc was removed from SD medium by pretreatment with Chelex 100 resin (Sigma). The concentration of zinc remaining in CSD medium is less than 100 nM (32) , and other divalent cations were added back to their original concentrations. Cells were also grown in low-zinc medium (LZM), which is similar to SD medium but zinc limiting due to the addition of 1 mM EDTA, a strong zinc chelator (16) . For steady-state growth experiments, yeast strains were incubated for 20 h with aeration at 30°C in CSD or SD medium supplemented with up to 1,000 M ZnCl 2 . SD medium contains a basal zinc concentration of 2.5 M. For zinc shock experiments, cells were zinc limited by overnight growth in CSD medium, their cell walls were removed to form spheroplasts, and they were then treated with 100 M ZnCl 2 . Spheroplasts were used to allow subsequent organelle isolation. Zn treatments were performed in media containing 0.6 M sorbitol to maintain the integrity of the spheroplasts. The cell number per milliliter of culture was determined by measuring the optical density at 600 nm (OD 600 ) and comparing with a standard curve. All cells were harvested in mid-log phase (OD 600 of 0.5 to 1) before being processed for subsequent analysis. Spheroplasts were counted using a hemocytometer.
AAS. Measurements of total cellular zinc accumulation were performed by atomic absorption spectrophotometry (AAS). Cells were harvested by centrifuging for 5 min at 1,000 ϫ g and washed twice in cold 1 mM EDTA and once in cold distilled deionized water to remove surface-bound zinc. Cells were then digested overnight at room temperature in 5 ml 15% H 2 O 2 , 40% HNO 3 (vol/vol). Aciddigested samples were diluted with distilled deionized water, and zinc content was measured using a Perkin Elmer 2800 atomic absorption spectrophotometer.
Isolation of vacuoles and mitochondria. Spheroplasts for vacuole and mitochondrion isolation were prepared using 5 mg Zymolyase 100T (Seikagaku Corporation) per gram of cells (fresh weight) (49) . The efficiency of the lysis was determined by AAS analysis of the zinc content of spheroplasts versus that of homogenates of lysed cells. Approximately 50% of total zinc was lost due to incomplete lysis; therefore, to estimate zinc levels in these compartments on a per-cell basis, all measured values for vacuolar and mitochondrial zinc were multiplied by two to account for those losses. Vacuoles were prepared as described previously (42) . In brief, spheroplasts were homogenized in 20 ml buffer A (10 mM MES [morpholineethanesulfonic acid]-Tris, pH 6.9, 0.1 mM MgCl 2 , 12% [wt/vol] Ficoll 400) with a Dounce homogenizer and then centrifuged at 2,200 ϫ g for 10 min. The supernatant was transferred to a polyallomer tube, carefully overlaid with 10 ml buffer A, and centrifuged at 60,000 ϫ g for 30 min in an SW28 rotor. The vacuoles floating on top of the Ficoll were collected, homogenized in 15 ml buffer A, overlaid with 15 ml buffer B (10 mM MES-Tris, pH 6.9, 0.5 mM MgCl 2 , 8% [wt/vol] Ficoll 400), and then centrifuged at 60,000 ϫ g for 30 min. The vacuoles were again collected, resuspended in 0.2 ml 2ϫ buffer C (10 mM MES-Tris, pH 6.9, 5 mM MgCl 2 , 25 mM KCl), and stored at Ϫ80°C.
Carboxypeptidase Y (CPY) assays were performed to determine the yield of intact vacuoles (29) . Vacuoles were incubated in solubilization buffer (10 mM MES-Tris, pH 6.9, 10% [wt/vol] sucrose, 1 mM EDTA, 1% [vol/vol] Triton X-100) on ice for 30 min and then centrifuged for 30 min at 100,000 ϫ g. The supernatant was used for inductively coupled plasma-mass spectrometry (ICP-MS) analyses. Mitochondria were isolated as described by Glick and Pon (17) .
Briefly, spheroplasts were homogenized in buffer A (20 mM MES, pH 6.0, 0.6 M sorbitol, 0.5 M phenylmethylsulfonyl fluoride) and centrifuged at 1,500 ϫ g for 5 min. The supernatant was collected and centrifuged at 12,000 ϫ g for 10 min. The pellet was resuspended in 0.2 ml buffer A without phenylmethylsulfonyl fluoride. Five ml of 19% (wt/vol) Nycodenz in buffer A was overlaid with 5 ml of 13.5% (wt/vol) Nycodenz in buffer A. The gradient was overlaid with the crude mitochondrion resuspension and centrifuged at 160,000 ϫ g for 30 min. Mitochondria, appearing as a brown band between the 19% and 13.5% (wt/vol) Nycodenz layers, were collected, resuspended in 20 ml buffer B (20 mM MES, pH 7.4, 0.6 M sorbitol), and centrifuged at 12,000 ϫ g for 10 min. The pellet was resuspended in buffer C and stored at Ϫ80°C. The yield of intact mitochondria was determined by activity assays of the matrix enzyme succinate dehydrogenase (39) . Aliquots (200 l) of isolated mitochondria and solubilized vacuoles were digested with 1 volume of 65% HNO 3 (vol/vol) at 90°C overnight prior to ICP-MS.
Elemental analysis by ICP-MS. ICP-MS was used to measure Zn levels in isolated organelles. Samples were transferred to Pyrex tubes and digested with 0.5 ml concentrated HNO 3 at 110°C for 4 h. Each sample was diluted to 4 to 6 ml with 18 megohm water and analyzed with an Elan DRCe ICP-MS instrument (Perkin Elmer). Methane was used as a collision cell gas to measure iron. Gallium and indium were used as internal standards, added to the digestion acid bottle to a concentration of 20 ppb. National Institute of Standards and Technology traceable single-element ICP standards were used to make up the calibration standards.
Immunoblot analysis. Whole-cell lysates and lysates of isolated organelles were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and immunoblotting was performed using standard protocols (18) . A BM chemiluminescence kit (Roche) was used for detection. Antibodies used were mouse anti-CPY, mouse anti-Vma1, mouse anti-Cox2, mouse anti-Dpm1, mouse antiPgk1 (all obtained from Molecular Probes), and goat anti-mouse horseradish peroxidase-conjugated secondary antibody (Pierce Chemical Co.).
Cryopreparation and electron probe X-ray microanalysis (EPXMA). The cells were centrifuged for 3 min at 1,800 ϫ g in a Sorvall RT6000B centrifuge. The supernatant was decanted immediately and the pellet prepared for X-ray microanalysis as described in detail in our previous studies (26) (27) (28) . For cryopreservation, approximately 5 l of cells from the pellets was rapidly placed on a wooden cryomicrotome specimen stub. The cells on the specimen stub were then plunged into liquid-nitrogen-cooled liquid propane (approximately Ϫ185°C) and subsequently stored under liquid nitrogen. The frozen cells from each experiment were sectioned in a cryoultramicrotome (Reichert FCS) at ϽϪ160°C and the sections freeze-dried and carbon coated prior to analysis (27) .
EPXMA and scanning transmission electron microscopy (STEM) were performed on the freeze-dried cryosections with a transmission electron microscope (JEOL 1200EX TEMSCAN) equipped with a low-background rotation stage (model no. 925; Gatan, Inc., Pleasanton, CA), a scanning device, additional hard X-ray aperture, a collimated 30-mm 2 Si(Li) energy-dispersive X-ray detector (Oxford Instruments America, Palo Alto, CA), and a pulse processor; the scanning and multichannel analyses were conducted with an X-ray pulse processor (4pi Analysis spectral engine; 4pi Analysis, Inc., Durham, NC). Operating parameters and strategies for obtaining quantitative X-ray images were implemented as described extensively elsewhere (19, (25) (26) (27) . Basically, 128-by 128-pixel spectral data sets were obtained at approximately ϫ10,000 magnification (1 pixel ϭ 0.2 m 2 ) with a beam current of approximately 1 nA and a dwell time of 4 s per pixel, with automation (19) and quantitation (27) carried out as previously described. The elemental contents of whole cells and cell regions (i.e., vacuoles or nonvacuolar cytoplasm) were determined by drawing around, i.e., masking, each cell or individual vacuole present; with this method, the cytoplasmic compartment included all structures except the vacuole, i.e., the endoplasmic reticulum (ER), Golgi body, nucleus, mitochondria, and lysosomes. Zinc associated with cell walls was not detectable. Negative values for concentrations are generally reflective of statistical variations, where a noisy background removal from an elemental peak can sometimes exceed the peak signal alone. Values that were consistently negative over numerous measurements were deemed below the detectable level for that element and are so noted in Tables 1 and 2 
RESULTS
Effect of zinc availability on total cellular and organellar zinc levels. To assess the effects of zinc status on cellular zinc accumulation, wild-type cells were grown in media containing a range of zinc concentrations and then assayed for total zinc levels by AAS. zrc1⌬ cot1⌬ mutant cells were also assayed to determine whether loss of the Zrc1 and Cot1 vacuolar zinc transporters alters zinc accumulation and the distribution of zinc within cells. As shown in Fig. 1A , low levels of total cellular zinc in wild-type cells grown in zinc-deficient CSD medium were measured (17.8 Ϯ 1.6 pmol/10 6 cells). When wild-type cells were grown in untreated SD medium, containing a basal concentration of 2.5 M Zn, a higher level of total zinc was observed (57.0 Ϯ 3.0 pmol/10 6 cells). With increasing amounts of ZnCl 2 added to SD medium, total cellular zinc accumulation also increased. The most dramatic increase was observed when cells were grown in SD medium plus 1,000 M ZnCl 2 , suggesting a loss of zinc homeostasis under these highzinc conditions. Consistent with this conclusion, cell growth is blocked when the metal is added at concentrations greater than 4 mM (36) .
zrc1⌬ cot1⌬ mutant cells also had low total zinc levels when grown in CSD medium (11.1 Ϯ 0.1 pmol/10 6 cells) and increased zinc levels when grown in SD medium supplemented with up to 25 M ZnCl 2 . Because of the lack of the vacuolar zinc transporters in this mutant, these cells are unable to tolerate zinc concentrations above 25 M (36) and therefore could not be assayed at higher concentrations. However, over the range of zinc availability from CSD medium to SD medium plus 25 M ZnCl 2 , little difference in total accumulation was observed between mutant and wild-type cells. Given the role of Zrc1 and Cot1 in transporting zinc into the vacuole, these results indicate that vacuolar sequestration is not a major factor in determining total zinc accumulation over this range of extracellular zinc. An important role for the vacuole at concentrations higher than 25 M is suggested by the sensitivity of the mutant to increased zinc levels.
Previous studies indicated that zinc can be sequestered in the vacuole, but the actual zinc storage capacity of the vacuole was not determined (34, 36) . To assess the effects of zinc status on vacuolar zinc accumulation, intact vacuoles were isolated from cells grown as described above for Fig. 1A . Zinc content was then determined by ICP-MS because this method has a greater sensitivity for zinc than does AAS. Both analytical methods yielded statistically equivalent results for total zinc accumulation (data not shown), demonstrating that values obtained with these two methods can be compared directly. Immunoblot analysis showed that the isolated vacuoles used in this study were not contaminated by the cytosol or other subcellular compartments (see Fig. S1 in the supplemental material). Specifically, the Dpm1 ER protein, the mitochondrial Cox2 protein, and the cytosolic Pgk1 protein were not detected in isolated vacuole preparations. As expected, the Vma1 vacuolar membrane protein and the CPY luminal vacuolar protein were highly enriched in these samples. The vacuolar zinc measurements were normalized based on the recovery of CPY enzymatic activity to quantify the recovery of intact vacuoles.
The effects of zinc status on vacuolar zinc accumulation in wild-type cells were similar to those observed for total zinc levels (Fig. 1B) . Vacuolar zinc in CSD medium-grown wildtype cells was 10.4 Ϯ 3.6 pmol/10 6 cells. Increasing extracellular zinc concentrations resulted in markedly elevated vacuolar zinc accumulation. A large increase in zinc accumulation was observed to occur in vacuoles of cells grown with 1,000 M zinc, consistent with the loss of homeostatic regulation suggested above for total zinc. Consistent with the expected loss of vacuolar zinc transport, zrc1⌬ cot1⌬ mutants had very low vacuolar zinc levels at all concentrations tested. For example, vacuolar zinc in mutant cells grown in SD medium with no Zinc accumulation in isolated mitochondria was also assayed. Mitochondria were isolated with their contents intact, as determined by recovery of the matrix enzyme succinate dehydrogenase. While isolated mitochondria were free of detect- a The levels of the listed elements in whole cells, vacuoles, and the nonvacuolar cytoplasm were determined by EPXMA under steady-state (first set of elements Ca to P) and zinc shock (second set of elements Ca to P) conditions. Data were obtained from 34 to 76 cells for whole-cell measurements, 17 to 44 cells for vacuole measurements, and 17 to 43 cells for nonvacuolar cytoplasm measurements, depending on the growth condition. See footnote a of Table 1 able vacuolar and cytosolic contamination, some ER membranes, as indicated by detection of Dpm1, copurified with the mitochondria (see Fig. S1 in the supplemental material). Because the contents of the highly reticulated structure of the ER are likely to be lost during cell disruption, we believe that the zinc levels measured in these preparations correspond largely to mitochondrial zinc, although we cannot exclude entirely some contribution of ER zinc. Zinc accumulation in the mitochondrial preparations was much lower than the vacuolar levels. The level of mitochondrial zinc in CSD medium-grown wild-type cells was approximately 1 pmol/10 6 cells and increased to 5 to 10 pmol/10 6 cells in SD medium-grown cells (Fig. 1C) . Little change in mitochondrial zinc levels occurred in cells grown with up to 100 M zinc, suggesting this level was regulated perhaps by mitochondrial zinc import and/or export transporters. A marked increase in zinc was again observed at 1,000 M, suggesting that this homeostatic control was overwhelmed in these cells.
Compared to the wild type, the zrc1⌬ cot1⌬ mutant showed no significant difference in mitochondrial zinc levels as extracellular concentrations were raised from CSD medium to SD medium containing 25 M added zinc. Given the absence of vacuolar zinc accumulation observed for the zrc1⌬ cot1⌬ mutant (Fig. 1B) , these data indicate that vacuole zinc sequestration does not influence zinc levels in the mitochondria over this range of zinc. In addition, given that total cellular zinc increases for the mutant over this range (Fig. 1A) while mitochondrial zinc does not, we conclude that excess zinc accumulates in another compartment of zrc1⌬ cot1⌬ cells, perhaps the cytosol. Attempts to directly analyze cytosolic zinc by this fractionation method were thwarted by breakage of a large fraction of the vacuoles (Ͼ50%) and release of their zinc during cytosol preparation (data not shown).
Analysis of intracellular zinc distribution by EPXMA. An important caveat of the organellar isolation experiments described above is that some zinc may be lost from intact vacuoles and/or mitochondria by transporter-mediated efflux during their isolation. Therefore, the values of zinc measured in these studies may be underestimates of the true in vivo values. To address this issue, an alternative approach to examine the intracellular distribution of metal ions, EPXMA, was used. Wild-type yeast cells were grown under low-zinc (CSD medium), moderate-zinc (SD medium), and high-zinc (SD medium plus 100 M ZnCl 2 ) conditions and then quickly frozen, cryosectioned, freeze-dried, and analyzed by EPXMA. This method preserves the intracellular distribution of labile elements that can be lost in chemically fixed cells. EPXMA also has the advantage of measuring several different elements (e.g., Ca, Cl, Fe, K, Mg, Na, P, and Zn) in the sample simultaneously. We will first focus on the results obtained for zinc and then consider the effects of changing zinc status on the distribution of other elements later in this report. An example analysis of the distributions of various elements detectable by EPXMA is shown in Fig. 2. Figure 2 , left, shows STEM images of several cells grown in either low zinc (CSD medium) ( Fig.  2A) or high zinc (SD medium plus 100 M ZnCl 2 ) (Fig. 2B) . Some deformation of these normally spherical cells due to cryosectioning was observed. The other panels show the distributions of Ca, P, and Zn in these cells, represented using a false color temperature scale. Phosphorus and magnesium were used as vacuole markers because these elements are known to accumulate in the vacuole to high levels (2, 24) . Total, vacuolar, and nonvacuolar cytoplasmic zinc levels for wild-type cells are reported in Table 1 . While these values were below the level of detection in CSD medium-and SD mediumgrown cells, zinc was detectable in cells grown in SD medium plus 100 M ZnCl 2 . The level of vacuolar zinc in these cells was at least 10-fold greater than the nonvacuolar cytoplasmic level. Thus, in cells grown in SD medium plus 100 M ZnCl 2 , the great majority of intracellular zinc is sequestered in the vacuole. In addition, the absolute level of vacuolar zinc is similar to that in isolated vacuoles measured by ICP-MS. When converted to units of zinc per cell, EPXMA indicated that vacuolar zinc in cells grown in SD medium plus 100 M ZnCl 2 was 248 Ϯ 29 pmol/10 6 cells. These results are in close agreement with the data obtained with isolated vacuoles (183 Ϯ 12 pmol/10 6 cells) (Fig. 1B) . Zinc levels in zrc1⌬ cot1⌬ mutants were below the level of detection by EPXMA under all growth conditions (data not shown). It should be noted that the sums of the vacuolar and nonvacuolar cytoplasmic zinc levels reported in Table 1 do not equal the whole-cell amount because of slight differences in the dry weights of the compartments with which the values have been normalized. 
Capacity of the vacuolar zinc store to sustain cell growth.
The results shown in Fig. 1 and Table 1 indicate that yeast cells grown in high zinc can accumulate a large amount of vacuolar zinc. Based on these data, we estimated that cells grown in SD medium plus 1,000 M ZnCl 2 accumulate as much as 900 pmol vacuolar zinc/10 6 cells. This value corresponds to ϳ7 ϫ 10 8 atoms of vacuolar zinc per cell. Our previous studies indicated that the threshold amount of total intracellular zinc required for cell growth is ϳ5 ϫ 10 6 atoms of zinc per cell (34) . Thus, we predicted that high-zinc-grown cells containing an abundant supply of vacuolar zinc could grow for many cell divisions in a medium completely devoid of available extracellular zinc. For example, we predicted that cells grown in SD medium plus 1,000 M ZnCl 2 would contain sufficient intracellular zinc to undergo eight subsequent doublings, i.e., over 200 cells would grow as progeny from a single original zinc-loaded cell. To test this hypothesis, cells were pregrown in SD medium supplemented with different levels of zinc to generate increasing levels of vacuolar zinc stores and then reinoculated into LZM with no added zinc. Without zinc added, LZM contains essentially no bioavailable zinc because of the presence of 1 mM EDTA, a strong zinc chelator. Cell growth, as measured by the optical density of the culture, was monitored over time, and the resulting data were then converted to numbers of population doublings for each condition (Fig. 3A) . Wild-type cells grown in SD medium and therefore having relatively low vacuolar zinc underwent only three doublings over a 28-h period in LZM. Three doublings would generate eight progeny cells per initial inoculated cell. Cells pregrown in SD medium plus 25 to 1,000 M ZnCl 2 showed progressively higher growth yields. As (Fig. 3A , "ϩZn control" columns) also underwent eight doublings during the same period. These results demonstrate the remarkable ability of the vacuolar zinc store to sustain yeast growth for many generations without available extracellular zinc. Following these periods of growth, total cellular zinc levels, as determined by AAS, reached similarly low levels near the minimum level of zinc required for yeast growth (Fig. 3B) . Zinc levels and distribution during zinc shock. Zinc shock occurs when zinc-limited cells are exposed to even modest levels of extracellular zinc. Because zinc-limited cells up-regulate their plasma membrane zinc transporters, newly added zinc can accumulate to very high levels in these cells. Our previous results indicated that the vacuole is required for cells to survive zinc shock (36) . To assess the levels and intracellular distributions of zinc during zinc shock, we first used a pulsechase protocol in conjunction with organelle isolation and AAS/ICP-MS analysis. Cells were zinc limited by growth in CSD medium, their cell walls were removed to form spheroplasts, and they were then treated with 100 M ZnCl 2 . Spheroplasts were used to allow subsequent organelle isolation; levels of zinc accumulation were similar in intact cells and spheroplasts (data not shown). After 10 min, the cells were harvested by centrifugation and analyzed for cellular zinc accumulation by AAS. Alternatively, the zinc-treated cells were resuspended in low-zinc CSD medium and incubated for an additional 10 or 20 min prior to harvesting. Both the wild type and the zrc1⌬ cot1⌬ mutants accumulated considerable zinc during the 10-min pulse, and this zinc was retained during the 20-min chase period (Fig. 4A) . zrc1⌬ cot1⌬ mutant cells accumulated ϳ40% less zinc than wild-type cells, presumably because of the lack of vacuolar sequestration.
To examine vacuolar zinc accumulation, the cells were harvested after the initial zinc pulse and after the chase periods and vacuoles were isolated. We were unable to test zrc1⌬ cot1⌬ mutants in this way because their vacuoles were difficult to isolate following zinc shock due to organelle breakage. No differences in vacuole morphology were observed, and the cause of this vacuolar fragility in zrc1⌬ cot1⌬ cells is not yet known. Zinc accumulation in wild-type vacuoles was similar to the total zinc accumulation, indicating that most of the zinc accumulated during this treatment was sequestered in the vacuole (Fig. 4B) . Finally, mitochondrial zinc levels were examined in zinc-shocked wild-type and zrc1⌬ cot1⌬ cells (Fig. 4C) . Mitochondrial zinc levels in both strains rose rapidly and then decreased during the 20-min chase period. ICP-MS analysis indicated that there was no change in mitochondrial Ca levels during zinc shock, suggesting that the observed changes in zinc were not simply due to different degrees of cation leakage from the mitochondria during their preparation (data not shown). Thus, these data further support the hypothesis that mitochondria have mechanisms to maintain zinc homeostasis.
Analysis of zinc shock by EPXMA. EPXMA was also used to examine zinc distribution during zinc shock, and these data are reported in Table 1 . Consistent with the AAS/ICP-MS data, total cellular zinc rose to a high level in wild-type cells during zinc shock. Also consistent with these data, wild-type vacuolar zinc increased to a high level. Nonvacuolar cytoplasmic zinc levels remained low relative to vacuolar levels, but an increase in zinc content was detected. This observation confirms that the level of zinc in nonvacuolar compartments does increase during zinc shock.
EPXMA of zrc1⌬ cot1⌬ mutants during zinc shock also detected large increases in total zinc levels. Surprisingly, rapid vacuolar accumulation of high levels of zinc, albeit to a lower level than that observed for the wild type, was also seen in zrc1⌬ cot1⌬ mutant cells. This result indicates that, although Zrc1 and Cot1 are important for zinc influx into the vacuole, other transporters also participate in this process under zinc shock conditions. The identity of those other systems is not yet known.
Effects of zinc status on other elements. EPXMA allows the simultaneous analysis of several elements in addition to zinc. Therefore, we used this method to determine whether zinc status alters the level and/or distribution of other elements in yeast. The whole-cell levels of Ca, Cl, Fe, K, Mg, and P measured by EPXMA in wild-type cells grown in SD medium are   FIG. 4 . Effects of zinc shock on the accumulation and intracellular distribution of zinc. (A) Wild-type (WT) and zrc1⌬ cot1⌬ mutant cells were grown in zinc-limiting CSD medium overnight to induce zinc deficiency. The cells were then harvested, and their cell walls were removed to generate spheroplasts; this allowed the rapid isolation of organelles assayed as reported below. To induce zinc shock, 100 M ZnCl 2 was added to the medium for a 10-min period. After this treatment, the cells were washed free of exogenous zinc and analyzed or incubated for an additional 10-min (10 ϩ 10) or 20-min (10 ϩ 20) chase period without zinc prior to harvesting. Cellular zinc levels were determined using AAS. In addition, vacuoles were isolated from wild-type cells (B), mitochondria were isolated from wild-type and zrc1⌬ cot1⌬ cells (C), and zinc levels were measured by ICP-MS. Vacuoles from zrc1⌬ cot1⌬ cells could not be obtained in this analysis due to organelle fragility; the cause of this fragility is unknown. The data reported are the means of three independent cultures, and the error bars represent Ϯ1 standard error.
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SIMM ET AL. EUKARYOT. CELL shown in Fig. 5A . The abundances of P and K were ϳ10-fold greater than those of Mg and Cl, which in turn were greater than the levels of Ca and Fe. These results are consistent with measurements of these elements in yeast cells as determined by other methods, e.g., ICP-atomic emission spectroscopy (12) . Na levels were below the level of detection in cells grown under these conditions. In Fig. 5B to G, the abundances of each element measured in vacuoles and in the nonvacuolar cytoplasmic regions of the cell are plotted. Ca, Mg, and P were found at higher concentrations in the vacuole than in the cytoplasm, while Fe and K were more equally distributed. Cl was more abundant in the nonvacuolar cytoplasm than within vacuoles. The data reported in Fig. 5 were obtained from cells grown under moderate-zinc conditions (i.e., SD medium with no additional zinc). The effects of zinc status on these various elements under steady-state growth conditions are reported in Table 2 . Total, vacuolar, and nonvacuolar cytoplasmic Fe levels were unaffected by changes in zinc status. Ca and Na levels fluctuated in response to zinc, with levels (i) decreased in SD medium-grown cells versus CSD medium-grown cells and (ii) similar in cells grown in CSD medium and cells grown in SD medium plus 100 M ZnCl 2 . Cl levels decreased markedly in all compartments in high zinc. K, Mg, and P all showed statistically significant increased accumulation in response to zinc. For K, this increase was largely due to changes in vacuolar levels and was observed in both SD medium-grown cells and cells grown in SD medium plus 100 M ZnCl 2 relative to CSD medium-grown cells. In contrast, large increases in both vacuolar and cytoplasmic Mg and P were observed. These increases were seen only in cells grown in SD medium plus 100 M ZnCl 2 , indicating that this effect is a response to high zinc levels.
To determine if the effects of zinc on the accumulation of these elements were rapid or required long-term incubation under specific zinc conditions, we measured the effects of zinc shock on abundance of these elements (Table 2) . Consistent with the increase in K with elevated zinc under steady-state conditions, vacuolar K levels increased twofold following 10 min of zinc shock and remained elevated over the 20-min chase period. A statistically significant increase in total cellular K was detected following the 20-min chase period. Thus, the response of K to increasing zinc occurs very rapidly. In contrast, no increase in Mg or P levels was observed over the zinc shock treatment period. Thus, while the effects of zinc on K levels are rapid, the effects of zinc on Mg and P accumulation require longer periods of incubation in high zinc to occur. Zinc shock caused a decrease in vacuolar Ca and a transient rise in cytoplasmic Ca. Following the chase period, cytoplasmic Ca levels returned to the starting level but vacuolar Ca levels were reduced further. Zinc shock also caused a transient decrease in cellular Cl, followed by an increase that occurred during the chase period. This result indicated that the effect of zinc status on Cl observed under steady-state growth conditions also requires a longer period of incubation to occur. Finally, zinc shock was associated with a fivefold increase in vacuolar Na levels whereas total Na levels were not significantly affected. This result suggests a redistribution of cellular Na into the vacuole along with zinc.
EPXMA data were also collected from zrc1⌬ cot1⌬ mutants grown under steady-state conditions of increasing zinc or following zinc shock. These data are provided in Table S1 in the supplemental material.
The EPXMA data indicated that cellular K, Mg, and P levels rise in response to increased zinc availability under steady-state conditions. To further investigate the correlation between these elements, we plotted those data as scatter plots displaying the results obtained with individual cells. Remarkably, there was a strong positive correlation between Mg and P levels in single cells (Fig. 6 ). This effect was seen under all treatment conditions and in all compartments (P Ͻ 0.0001). In addition, these correlations were observed to occur in zrc1⌬ cot1⌬ mutant cells, although these mutations did alter the slope of the correlation in whole cells under some conditions (P Ͻ 0.05). These results indicate the strong interdependency of intracellular Mg and P in both wild-type and zrc1⌬ cot1⌬ mutant cells.
To assess the effect of zinc status on the correlation between Mg and P, scatter plots comparing Zn with Mg and Zn with P were prepared (Fig. 7) . Figure 7 displays the data for wild-type cells grown in high zinc because this was the only steady-state condition where zinc was detectable by EPXMA. Strong positive correlations between Mg and Zn and between P and Zn were found (P Ͻ 0.0001). In contrast, there was no clear correlation between Zn and K either in whole cells or in vacuoles (P Ͼ 0.3) (Fig. 7) . In addition, no consistent correlation between K and Mg or between K and P was observed (data not shown).
DISCUSSION
The yeast vacuole is a major storage site for many metabolites and ions, including amino acids, phosphate, and magnesium (23) . A major goal of this study was to determine the level to which zinc can be stored in this compartment. Analyses of purified vacuoles and of vacuoles in situ within cells by EPXMA both demonstrated that remarkably high amounts of zinc are stored in the vacuole under conditions of zinc excess.
Under high-zinc conditions, we found that as much as 900 pmol Zn/10 6 cells could accumulate in the vacuole. Under zinc shock conditions, a similarly high amount of zinc (i.e., 758 Ϯ 110 pmol/10 6 cells, as determined by EPXMA) accumulated in this compartment. These levels translate into concentrations of almost 100 mM. We suspect that this concentration is near the maximum storage capacity of the organelle, given that yeast cannot tolerate much higher zinc treatment conditions.
In other terms, vacuolar zinc can be as high as 7 ϫ 10 8 atoms per cell. Given that the minimum amount of zinc required for yeast growth is ϳ5 ϫ 10 6 atoms per cell (34), the vacuolar zinc store can be sufficient to supply this nutrient to many subsequent generations of yeast following transfer from zinc-replete to zinc-limiting media. Given that free-living microbes often face major changes in nutrient availability, the capacities of yeast cells to store zinc and later utilize stored zinc are likely to be of great advantage to these cells growing in the wild. Similarly, vacuolar zinc storage is likely to be an important factor in the successful colonization of host organisms by pathogenic fungi, given that one host response to infection is to withhold zinc from the pathogen (30, 31) .
It remains to be determined what factors, aside from the vacuolar zinc transporters themselves, influence the ability of the vacuole to accumulate zinc. One contributing factor is likely to be acidification of that compartment by the vacuolar V-type H ϩ -ATPase. Vacuolar acidification provides the pro- ton gradient required for zinc uptake into the vacuole via Zrc1 (35) . In addition, zinc-binding ligands within the vacuole may contribute to the vacuolar zinc storage capacity. Polyphosphate, i.e., long chains of multiple phosphate groups, accumulates to high levels in the yeast vacuole (24) and can bind zinc with high affinity (2, 38) . In addition, organic anions, such as glutamate and citrate, accumulate to high levels in the vacuole (21) . A recent study of other fungal species grown under highzinc conditions indicated that intracellular (and therefore mostly vacuolar) zinc is bound to a mixture of carboxylate and phosphate ligands (13) . Similarly, stored zinc in Arabidopsis halleri, a zinc-hyperaccumulating plant species, was found complexed with malate, citrate, and phosphate (43) . We have examined the importance of polyphosphate to vacuolar zinc storage by use of both nutritional and genetic means to disrupt polyphosphate synthesis and found no effect on zinc storage (C. Simm, unpublished results). Therefore, we conclude that if polyphosphate does contribute to zinc storage, it serves only a minor or perhaps a redundant role with other vacuolar zincbinding ligands.
A second goal of this study was to determine if the cytosol or other organelles in the cell represent major sites of zinc storage. For example, it has recently been proposed that the mitochondria of neuronal cells could be a site of zinc storage (44, 45) . Our results argue against there being substantial mitochondrial zinc storage in yeast. In addition, we found some evidence for homeostatic regulation of mitochondrial zinc levels in response to variations in zinc availability. For example, during zinc shock, mitochondrial levels rose following a 10-min zinc pulse and then dropped substantially following a 20-min chase period (Fig. 4C) . While the components of zinc influx and efflux from mitochondria remain to be identified, we believe that the homeostatic control of mitochondrial zinc is important for cell survival in high zinc. Analogously, several studies have suggested that high mitochondrial zinc levels can inhibit mammalian cell growth (6, 7, 14) . Another potential storage site for zinc in cells is zinc-enriched cytoplasmic vesicles known as "zincosomes." Studies using zinc-sensitive fluorophores, such as Zinquin, have detected labile zinc in such vesicles in many different mammalian cell types (3, 10, 22, 41) . Recent studies of yeast carried out using Zinquin detected analogous vesicles that were distinct from vacuoles and mitochondria (9, 11) . Nonetheless, while zincosomes may contribute to zinc homeostasis in some important way, e.g., perhaps in the transient movement of free zinc ions, our EPXMA studies demonstrate that these and other compartments in the nonvacuolar cytoplasmic region of yeast cells do not serve as major sites of zinc sequestration relative to the vacuole in zinc-treated cells.
Our previous results implicated Zrc1 and Cot1 as the only zinc transporters responsible for zinc uptake into the vacuole (34) . These conclusions were supported here in experiments where cells were grown under steady-state conditions; vacuolar zinc accumulation under these conditions was blocked effectively by mutational inactivation of Zrc1 and Cot1. Surprisingly, however, we found that during zinc shock additional pathways for zinc entry into this organelle exist. Following 10 min of zinc shock, while wild-type cells accumulated 18.6 Ϯ 2.4 nmol Zn/mg (dry weight) in the vacuole, zrc1⌬ cot1⌬ mutants accumulated a lower but still significant amount of vacuolar zinc (6.5 Ϯ 1.3 nmol Zn/mg [dry weight]). These results suggest that additional, albeit less efficient, transporters are present in the vacuolar membrane to mediate zinc import during zinc shock. These transporters may have lower affinity for zinc, and this characteristic would explain why they do not contribute to vacuolar zinc import under steady-state conditions.
A third goal of this study was to determine the importance of vacuole zinc sequestration in buffering the levels of zinc in other compartments. With respect to the mitochondria, we found no such role. Over the testable range of zinc levels, mitochondrial zinc accumulation was unaffected by mutation of the Zrc1 and Cot1 vacuolar zinc transporters. This resistance of the mitochondria to perturbations of cellular zinc homeostasis may be due to the mechanisms in place to maintain mitochondrial zinc homeostasis, as described above. Our ICP-MS results do suggest, however, that the vacuole buffers the zinc levels in other compartments of the cell. When grown in SD medium plus 0 to 25 M ZnCl 2 , zrc1⌬ cot1⌬ mutant cells accumulated as much total zinc as wild-type cells. However, while the wild-type cells put much of that zinc into the vacuole, the zrc1⌬ cot1⌬ mutant did not. Therefore, excess zinc must FIG. 7 . Correlation between Mg, P, and K contents versus Zn content in individual cells. Vacuole and whole-cell levels of Mg, P, K, and Zn, measured in individual wild-type cells grown in high zinc (SD medium plus 100 M ZnCl 2 ), are plotted. All values are in nmol/mg (dry weight).
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at Univ of Wisconsin -Mad on September 7, 2007 ec.asm.org accumulate in some other compartment of these mutant cells, perhaps the cytosol, zincosomes, or organelles of the secretory pathway. Finally, we have focused this study mainly on the role of the yeast vacuole as a subcellular storage and distribution site for zinc. It should be noted that the EPXMA and ICP-MS methodologies used measure both free and bound ions/elements; cell homeostasis likely encompasses concomitant interactions of zinc and other elements in both physiological states. That being said, it was intriguing to find that the levels of K, Mg, and P all rise with increased zinc status. In the case of Mg and P, there was a strong correlation between the levels of these elements in individual cells. Phosphorus accumulation is known to affect Mg uptake, and this effect is thought to be due to differences in vacuolar polyphosphate levels (2) . However, we found that the correlation between P and Mg also existed in the nonvacuolar cytoplasmic regions of cells. While most polyphosphate accumulates in the vacuole in yeast, some may also accumulate in other compartments (24) . Therefore, this extravacuolar pool of polyphosphate may play a role in determining Mg storage elsewhere in the cell. More surprising is the observation that Zn status correlates closely with both P and Mg. Given that P levels appear to determine, at least in part, cellular Mg levels, we suggest that Zn status somehow alters Mg levels indirectly by affecting P levels. How this occurs remains unclear. What is clear is that the effects of Zn on P and Mg accumulation are not determined by the vacuolar pool of zinc; the same effects were also observed in zrc1⌬ cot1⌬ mutants, in which vacuolar zinc levels are very low. A recent study has shown that polyphosphate accumulation can be affected by many different processes, including ATP generation and primary metabolism (15) . We suggest that zinc status affects P through one or more of these indirect mechanisms. Although K levels also increased in response to zinc, several observations indicate that this effect is unrelated to the effects of Zn on Mg and P levels. First, the effects of zinc on K are mostly vacuolar whereas Mg and P are also affected in the cytoplasm. Second, the effects of Zn on K levels were seen during zinc shock while no rapid increase was observed for Mg and P. Finally, no correlation between K and Mg or P in individual cells was observed. Thus, the mechanisms underlying the effects of zinc status on K accumulation are unrelated to those altering (sub) cellular Mg and P levels. These effects and the potentially important role of Na, for example, in these mechanisms need further examination by use of analytical techniques more sensitive than those used here, such as high spatial resolution secondary ion mass spectrometry imaging in combination with molecular-based methods.
